Phosphorylation on Ser/Thr-Pro motifs is a major mechanism regulating many events involved in cell proliferation and transformation, including centrosome duplication, whose defects have been implicated in oncogenesis. Certain phosphorylated Ser/Thr-Pro motifs can exist in two distinct conformations whose conversion in certain proteins is catalyzed specifically by the prolyl isomerase Pin1. Pin1 is prevalently overexpressed in human cancers and is important for the activation of multiple oncogenic pathways, and its deletion suppresses the ability of certain oncogenes to induce cancer in mice. However, little is known about the role of Pin1 in centrosome duplication and the significance of Pin1 overexpression in cancer development in vivo. Here we show that Pin1 overexpression correlates with centrosome amplification in human breast cancer tissues. Furthermore, Pin1 localizes to and copurifies with centrosomes in interphase but not mitotic cells. Moreover, Pin1 ablation in mouse embryonic fibroblasts drastically delays centrosome duplication without affecting DNA synthesis and Pin1 inhibition also suppresses centrosome amplification in S-arrested CHO cells. In contrast, overexpression of Pin1 drives centrosome duplication and accumulation, resulting in chromosome missegregation, aneuploidy, and transformation in nontransformed NIH 3T3 cells. More importantly, transgenic overexpression of Pin1 in mouse mammary glands also potently induces centrosome amplification, eventually leading to mammary hyperplasia and malignant mammary tumors with overamplified centrosomes. These results demonstrate for the first time that the phosphorylation-specific isomerase Pin1 regulates centrosome duplication and its deregulation can induce centrosome amplification, chromosome instability, and oncogenesis.
Centrosomes are major microtubule-organizing structures in animal cells that determine the organization of the mitotic spindle poles that segregate duplicated chromosomes between dividing cells (7, 18, 33, 56, 70) . Consequently, defects in either the number or the function of centrosomes can adversely affect mitotic spindle formation, cytokinesis, and genomic stability (19, 56, 70) . For example, an increase in the number of centrosomes can result in the organization of multipolar spindles and the eventual missegregation of chromosomes, which contributes to the genetic instability that is often observed during oncogenesis. In fact, centrosome abnormalities and amplifications have been well documented in many human cancers and these changes have been observed at early stages of human cancer development and also correlate with poor clinical outcome in some cancers (12, 17, 26, 38-40, 56, 59-62, 70, 71) . In addition, several oncogenes and tumor suppressors have been shown to affect centrosome duplication and/or induce centrosome amplification (6, 14, 25, 34, 38, 51, 52, 56, 58, 69, 76, 83, 89) . Therefore, the elucidation of the regulatory mechanisms of centrosome duplication and its abnormal amplification is important for understanding cancer development and may lead to more effective anticancer therapies.
Accurate chromosome segregation to each daughter cell during mitosis requires the duplication of centrosomes once and only once during each cell cycle (7, 18, 33, 56, 70) . Centrosome duplication initiates at the G 1 /S transition and is completed during S phase in mammalian somatic cells. Centrosome duplication must be coupled to the events of the nuclear cell cycle, and their decoupling can result in abnormal centrosome numbers and aberrant mitosis, leading to chromosome instability. This strict coordination has been shown to be regulated by multiple pathways. One major pathway is the activation of Cdk2/cyclin E or A during the G 1 /S transition (32, 36, 49, 52) . Furthermore, E2F activation and Rb phosphorylation by Cdk2 are also required for centrosome duplication (52) . Moreover, Cdk2 might be subjected to the regulation of p53-mediated cell cycle checkpoints (13, 22, 28) . Finally, several centrosome Cdk substrates have been identified, including BRCA1, nucleophosmin/B23, mMPS1/ESK, and CP110, that play an important role in centrosome duplication (10, 23, 57, 83) . These results indicate that Cdk2-mediated protein phosphorylation plays a key role in regulating centrosome duplication during the S phase. However, little is known about whether the coordination between DNA synthesis and centrosome duplication is further regulated after phosphorylation. Cyclin-dependent protein kinases are Pro-directed kinases that regulate cell cycle progression by phosphorylating exclusively on serine or threonine residues preceding a proline (Ser/ Thr-Pro). Although these phosphorylation events have been proposed to function via inducing conformational changes, little was known about the nature and regulation of the conformational changes until recently (45) . Recent studies indi-cate that certain phosphorylated Ser/Thr-Pro (pSer/Thr-Pro) motifs in proteins can exist in the two completely distinct cis and trans conformations; their conversion is normally inhibited by phosphorylation but is specifically catalyzed by the prolyl isomerase Pin1 (44, 45, 63, 84) . Pin1 contains an N-terminal WW domain and a C-terminal prolyl isomerase domain. The WW domain binds to specific pSer/Thr-Pro motifs and targets Pin1 to a subset of phosphoproteins, while the isomerase domain induces conformational changes by catalyzing the isomerization of specific pSer/Thr-Pro bonds (47, 84, 90) . Such conformational changes have been shown to have profound effects on the function of Pin1 substrates by modulating their catalytic activity, phosphorylation status, protein-protein interaction, subcellular localization, and stability (41, 42, 67, 68, 74, 79, 81, 82, 84, 87, 88, 90) . Consequently, Pin1 has been shown to be involved in the regulation of many cellular processes, such as cell proliferation and differentiation (2, 16, 41, 42, 44, 45, 48, 78, 79, 85) .
An increasing body of evidence suggests that Pin1 may play an important role in oncogenesis and may be a potential new anticancer target. Pin1 is overexpressed in a large number of human cancers and is also an excellent prognostic marker of poor outcome in some cancers (5, 43, 65, 67, 82) . Furthermore, Pin1 can function as a critical catalyst that amplifies multiple oncogenic signaling pathways such as the Neu/Ras/c-Jun, Wnt/ ␤-catenin, and cytokine/NF-B pathways (67, 68, 82) and its overexpression can transform immortal breast epithelial cells in vitro (66) . In contrast, the inhibition of Pin1 in cancer cells via multiple approaches either triggers apoptosis or suppresses transformed phenotypes (44, 46, 64) and Pin1 knockout suppresses the ability of certain oncogenes to induce breast cancer (80) . These findings indicate that Pin1 is prevalently overexpressed in human cancers and is important for the activation of multiple oncogenic pathways. However, little is known about the significance of Pin1 overexpression in cancer development in vivo. Furthermore, although cyclin D1, a key molecule in oncogenesis (15, 37, 72, 77, 86) and a major Pin1 downstream target in oncogenesis (41, 67, 68, 80, 82) , has been implicated in centrosome amplification in vitro (55) , nothing is known about the role of Pin1 in centrosome duplication and chromosome stability.
In this study, we have shown that Pin1 localizes to and copurifies with centrosomes and regulates centrosome duplication. Furthermore, the ablation of Pin1 in mouse embryonic fibroblasts specifically delays centrosome duplication during S phase, whereas overexpression of Pin1 in nontransformed cells induces centrosome amplification, abnormal mitotic spindle formation, chromosome missegregation eventually leading to aneuploidy, and oncogenic transformation. Moreover, the overexpression of Pin1 in transgenic mouse mammary glands also potently causes centrosome amplification, eventually leading to mammary hyperplasia and malignant mammary tumors with overamplified centrosomes. Together with the findings that Pin1 levels strongly correlate with centrosome amplification in human breast cancer tissues, these results indicate that Pin1 is an important regulator of centrosome duplication and that its overexpression can contribute to centrosome abnormality, chromosome instability, and oncogenesis.
MATERIALS AND METHODS
Immunohistochemistry, immunostaining, and immunoblotting. Formalinfixed and paraffin-embedded tissue microarrays of human breast cancer tissue were purchased from Imgenex (IMH-364; San Diego, CA). Immunohistochemical staining for Pin1 was performed as described previously (3, 67, 82) . For immunofluorescence analysis of centrosome staining, slides were dewaxed in xylene and rehydrated through a series of ethanol to water gradients and 0.3% H 2 O 2 in water was then used to block endogenous peroxidase. The sections were further blocked with 5% normal goat sera (Vector Laboratories, Inc., Burlingame, CA) for 1 h at room temperature, followed by incubation with antipericentrin polyclonal antibodies (BabCo, Denver, CO) at a 1:800 dilution overnight at 4°C. After an extensive wash with phosphate-buffered saline, slides were incubated with biotinylated goat anti-rabbit immunoglobulin G (Vector Laboratories, Inc.) at a 1:200 dilution for 30 min at room temperature, followed by Alexa488-labeled streptavidin (Molecular Probes, Eugene, OR) diluted 1:500 for 30 min at room temperature. After washing with phosphate-buffered saline, the nuclei were stained with propidium iodide (10 g/ml) for 10 min at room temperature. The ratio of centrosomes to nuclei was scored for each sample of Ͼ200 nuclei by using a fluorescence microscope. To detect centrosomes in cultured cells, cells were fixed with 3.7% buffered formaldehyde for 5 min and stained with anti-␥-tubulin (Sigma) or antipericentrin as described previously (67) and immunoblotting was also performed as described previously (67) .
Isolation of centrosome fraction. Isolation of centrosomes was carried out according to a published procedure (8) , with the following minor modifications. Cultured cells were incubated with 10 g/ml nocodazole and 5 g/ml cytochalasin B for 2 h, rinsed with an isolation buffer (1 mM Tris, pH 8, 0.5 mM EGTA, 0.1% ␤-mercaptoethanol), and then lysed by swaying the dishes in the isolation buffer containing 0.5% NP-40 at 4°C for 10 min. Next, a 1/50 vol of buffer {0.5 M PIPES [piperazine-N,NЈ-bis(2-ethanesulfonic acid)], pH 7.2, 0.1 M EGTA} was added to the extracts, followed by loading onto discontinuous sucrose density gradient set with 3.5 ml of 60% sucrose and 3.5 ml of 40% sucrose prepared in 20 mM PIPES, pH 6.8, 0.5 mM MgCl 2 , 1 mM EGTA, and 0.1% ␤-mercaptoethanol and centrifugation for 1 h at 14,500 rpm. Fractions were collected from the bottom and subjected to immunoblotting as described previously (67) .
Analysis of centrosome duplication during S phase. Centrosome duplication assays in Chinese hamster ovary (CHO) cells were performed as described previously (4, 52) . Briefly, cells were transfected with the indicated DNA constructs by electroporation (Bio-Rad) according to the manufacturer's instructions. Twelve hours after transfection, hydroxyurea was added at a final concentration of 4 mM for 40 h. Cells were then fixed with formaldehyde for 15 min at room temperature and then with cold methanol for 10 min. Cells were then stained for centrosomes with anti-␥-tubulin or antipericentrin antibodies and analyzed by fluorescent microscopy as described previously (67) . DNA synthesis was monitored using the BrdU labeling kit (Roche) according to the manufacturer's instructions with Alexa594-conjugated goat anti-rabbit immunoglobulin G secondary antibodies (Molecular Probes).
To reexpress Pin1 in Pin1 Ϫ/Ϫ mouse embryonic fibroblasts (MEFs), MEFs derived from Pin1 Ϫ/Ϫ mouse embryos and immortalized using the 3T3 protocol as used previously (41, 68) were infected with the pBabe retroviruses expressing Pin1 or control retroviruses; this was followed by selection with puromycin to generate stable rescued Pin1 Ϫ/Ϫ and control Pin1 Ϫ/Ϫ MEFs. To analyze centrosome duplication during the cell cycle, Pin1
Ϫ/Ϫ and rescued Pin1 Ϫ/Ϫ MEFs were incubated with 70 ng/ml nocodazole for 16 h to synchronize cells at late G 2 and M phases and then released from the arrest, followed by collecting samples for every 2 h for flow cytometry to analyze cell cycle progression and by immunostaining with anti-␥-tubulin to determine centrosome duplication.
Electron microscopy. For electron microscopy, cells were fixed for 30 min at room temperature in a buffer containing 0.15 M sodium cacodylate (pH 7.0) and 0.2% glutaraldehyde and processed for electron microscopy as described previously (23, 50) Analysis of ploidy and cell transformation assays. Asynchronously growing cells were treated with Colcemid (10 mg/ml; Roche) for 1 h and harvested by trypsinization, followed by resuspension in 10 ml of hypotonic buffer (0.2% KCl/0.2% trisodium citrate) for 12 min at 37°C. After adding 1 ml of an ice-cold fixative (3:1, methanol:acetic acid) for 5 min on ice, cells were harvested and resuspended twice more in 10 ml of the fixative. Finally, cells were dropped onto glass coverslips and at least 100 chromosome spreads per group were analyzed. Cell transformation assays were performed as described previously (66) .
Generation of Pin1 transgenic mice. The human Pin1 cDNA with an NH2-terminal hemagglutinin (HA) epitope tag was subcloned under the control of the mouse mammary tumor virus (MMTV) promoter (provided by P. Leder), followed by microinjection into FVB fertilized eggs to generate transgenic mice as described previously (73) . Multiple independent founder mouse lines were obtained and confirmed by Southern and Western blotting to express Pin1 and displayed the similar phenotypes observed.
Primary cultures of mammary epithelial cells and mammary tumor cells and mammary gland whole mounts. Primary cultures of mammary epithelial cells (MECs) and mammary tumor cells derived from mice were performed as described previously (80) , as were mammary gland whole mounts (41, 80) . Briefly, mammary glands or tumors were mechanically disaggregated and then subjected to sequential digestions with collagenase and trypsin. Isolated cells were resuspended in mammary epithelial growth medium and plated on collagen-coated culture dishes; this was followed by analyzing centrosome number within a few days to 1 week. To examine the development of the mammary epithelium, the no. 4 mammary glands of nonpregnant MMTV-Pin1 or control mice were dissected, spread onto a glass slide, and fixed, followed by fat removal with acetone. The glands were stained overnight in 0.2% carmine red (Sigma) and 0.5% AlK(SO4) 2 , dehydrated in graded ethanol solutions, followed by clearing in toluene and methyl salicylate. Photos were taken using a dissecting microscope.
Statistical analysis. MMTV-Pin1 transgenic and control cohorts were considered for the analysis of the end point, breast cancer-free survival using the Kaplan-Meier method; this was followed by determining the significance of the differences in disease-free survival among the cohorts using a log-rank (MantelCox) test as described previously (80) .
RESULTS
Pin1 levels correlate with centrosome amplification in human breast cancer tissues. It has been previously shown that Pin1 overexpression and centrosome amplification are often observed in human malignancies, including breast cancer (3, 5, 12, 26, 38-40, 59, 60, 62, 67, 71, 82) . Given the critical role of Pro-directed phosphorylation in centrosome duplication, we hypothesized that Pin1 might also play a role in regulating this important cellular process. To test this hypothesis, we first used immunohistochemistry to examine the correlation between Pin1 levels and centrosome amplification in breast cancers. As shown previously (67, 82) , Pin1 was overexpressed in various degrees in breast cancer tissues (Fig. 1A) . Interestingly, almost all tumors containing very high levels of Pin1 (16 out of 17) had marked centrosome amplification, with more than 30% of cells containing more than two centrosomes per cell (Fig. 1B) . In contrast, most tumors containing low Pin1 (18 out of 23) had FIG. 1. Pin1 levels correlate with centrosome amplification in human breast cancer tissues. (A) Breast cancer tissue sections were immunostained using anti-Pin1 antibodies and visualized by DAB staining (upper panels), and different sections of the same tissues were immunostained with antipericentrin antibodies and visualized by Alexa488-conjugated secondary antibody along with propidium iodide to stain nuclei (lower panels). The ratio of centrosomes to nuclei was scored in each sample of Ͼ200 nuclei under a fluorescence microscope. The far left panels show a representative very high Pin1 staining, with Ͼ30% of cancer cells containing more than two centrosomes, the middle panels show a representative high Pin1 staining with 10 to 30% of cancer cells containing more than two centrosomes, and the right panels show a representative low Pin1 staining with Ͻ10% of cancer cells containing more than two centrosomes. (B) The levels of Pin1 expression and the percentage of cancer cells containing more than two centrosomes were determined in 56 surgical specimens of breast cancer as shown in panel A, and their correlation was analyzed by a Spearman rank correlation test (P Ͻ 0.001).
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at Harvard Libraries on January 6, 2009 mcb.asm.org less than 10% cells containing more than two centrosomes per cell (Fig. 1B ). There was a significant correlation between Pin1 expression and centrosome amplification, as determined by the Spearman rank correlation test (P Ͻ 0.001). These results suggest that Pin1 levels correlate with centrosome amplification in human breast cancer tissues. Pin1 localizes to centrosomes in interphase but not mitotic cells. The tight correlation between Pin1 expression and centrosome amplification in human breast cancer suggests a role for Pin1 in regulating centrosome duplication. To explore this possibility, we examined whether Pin1 localizes to centrosomes in a cell cycle-specific manner since centrosomes are duplicated during interphase and separated during mitosis. Exponentially growing NIH 3T3 cells were transfected with either green fluorescent protein (GFP) or GFP-Pin1 followed by immunostaining with ␥-tubulin, a centrosome marker. Consistent with previous studies (44, 46) , GFP-Pin1 was found to localize primarily in the nucleus of cultured cells but, interestingly, the colocalization of Pin1 and ␥-tubulin was also observed as dots adjacent to the nucleus, a characteristic of centrosome staining ( Fig. 2A) . Importantly, the colocalization of Pin1 and ␥-tubulin at the centrosome was not detected in cells in mitotic phase ( Fig. 2A) , indicating a cell cycle-specific colocalization of exogenously expressed Pin1 with centrosomes.
To rule out the possibility that this colocalization is due to overexpression or GFP tag, we examined the localization of endogenous Pin1 using anti-Pin1 antibodies that have extensively been used for staining Pin1 in cultured cells and human tissues (5, 43, 65, 67, 82) . Following fixation with paraformaldehyde and methanol, endogenous Pin1 was clearly detected in centrosomes again in interphase cells but not in mitotic cells (Fig. 2B ). To independently confirm the association of endogenous Pin1 with centrosomes, centrosomes were purified from NIH 3T3 cells via discontinuous sucrose gradient centrifugation as described previously (8), followed by Western blotting on gradient fractions using anti-Pin1 and anti-␥-tubulin antibodies. Endogenous Pin1 was specifically detected in fractions that contained centrosomes, as determined by cosedimentation with ␥-tubulin at the expected sucrose densities (Fig. 2C) . Similar colocalization and copurification between Pin1 and centrosomes were also observed in HeLa and CHO cells (data not shown). Taken together, these data indicate that both endogenous and exogenously expressed Pin1 proteins localize to centrosomes during only interphase, not mitotic phase, even although proteins at centrosomes are well known to be phosphorylated during mitosis (18, 53, 56, 70) .
Inhibition of Pin1 suppresses centrosome amplification in S-arrested CHO cells. Given that Pin1 localizes to centrosomes in interphase when centrosomes are duplicated, we next examined whether the inhibition of Pin1 function might affect centrosome duplication. For this purpose, we first used CHO cells, a cell model system widely used to study centrosome duplication because their centrosomes undergo multiple rounds of duplication when cells are arrested in S phase with hydroxyurea (4, 35, 49, 52) . To inhibit cellular Pin1 function in hamster cells, we used a GFP-Pin1 WW domain mutant which contains an Ala substitution at Ser16, as this mutant has been previously shown to constitutively bind to endogenous Pin1 substrates but fails to catalyze the isomerization, thereby inhibiting endogenous Pin1 function in a dominant-negative manner (dn-Pin1) (46, 66) . CHO cells were transfected with plasmid encoding either GFP control vector, GFP-Pin1, or GFP-dn-Pin1 and then treated with hydroxyurea for 40 h; this was followed by evaluating the number of centrosomes after staining with anti-␥-tubulin. As expected, GFP-Pin1 and GFPdn-Pin1, but not control GFP, localized to the centrosomes (Fig. 3A) . Interestingly, relative to nontransfected cells or cells transfected with GFP alone, the number of cells containing abnormal numbers of centrosomes (more than two per cell) was increased in cells overexpressing Pin1 (Fig. 3B ). More impressively, such cells containing an abnormal centrosome number were markedly reduced by the expression of dn-Pin1 (Fig. 3B) . These results indicate that inhibition of Pin1 suppresses the centrosome amplification that usually occurs in S-arrested CHO cells.
Pin1 ablation in MEFs drastically delays centrosome duplication without affecting DNA synthesis. The above results suggest that endogenous Pin1 may be important for centrosome duplication. To examine this possibility, we examined the effects of the loss of Pin1 function on centrosome duplication by using MEFs derived from Pin1 knockout (Pin1 Ϫ/Ϫ ) and wildtype (Pin1 ϩ/ϩ ) mice (24, 41) . At early passages, both Pin1
and Pin1 ϩ/ϩ MEFs grew well and did not have any obvious differences. However, unlike Pin1 ϩ/ϩ MEFs, which continued to grow well for at least a dozen passages, Pin1
Ϫ/Ϫ MEFs usually began to exhibit reduced cell growth after 6 to 8 passages and eventually entered senescence by ϳ9 to 10 passages. Therefore, we used Pin1 ϩ/ϩ and Pin1 Ϫ/Ϫ MEFs at passage numbers lower than four, which displayed similar cell cycle profiles based on flow cytometry analysis (Fig. 3C) . In order to monitor centrosome duplication in S-phase cells, MEFs were pulse-chased with BrdU for 3 h, followed by coimmunostaining with antipericentrin and anti-BrdU antibodies to determine the coordination between DNA synthesis and centrosome duplication. Approximately 30% of Pin1 ϩ/ϩ and Pin1 Ϫ/Ϫ cells were BrdU-positive ( Fig. 3D and E) . Importantly, almost all BrdU-positive Pin1 ϩ/ϩ cells contained two centrosomes per cell ( Fig. 3D and E) , indicating that centrosomes are already duplicated as expected. Under the same conditions, only ϳ30% of BrdU-positive Pin1 Ϫ/Ϫ cells, however, contained duplicated centrosomes, with ϳ65% of the cells containing only a single centrosome ( Fig. 3D and E) . These results indicate that centrosome duplication is defective during S phase in most Pin1
Ϫ/Ϫ cells. To ensure that this defective centrosome duplication in Pin1 Ϫ/Ϫ MEFs is due to loss of Pin1 function, we needed to stably reexpress Pin1 in Pin1 Ϫ/Ϫ MEFs. For this purpose, Pin1 Ϫ/Ϫ MEFs immortalized using the 3T3 protocol as described previously (41, 68) were infected with the pBabe retroviruses expressing Pin1 or control retroviruses, followed by selection with puromycin to generate stable rescued Pin1 Ϫ/Ϫ and control Pin1 Ϫ/Ϫ MEFs. Expression of Pin1 in rescued Pin1 Ϫ/Ϫ MEFs was comparable to Pin1 ϩ/ϩ MEFs, as confirmed by immunoblotting and immunostaining (data not shown). Furthermore, cell cycle profiles of the immortalized control Pin1
Ϫ/Ϫ and rescued Pin1 Ϫ/Ϫ MEFs were similar (Fig.  4A ), although they were slightly different from those of primary MEFs at early passages (Fig. 3C) . Importantly, only ϳ40% of vector control Pin1 Ϫ/Ϫ MEFs that were BrdU-positive had duplicated their centrosomes (Fig. 4B) , resembling VOL. 26, 2006 Pin1 REGULATES CENTROSOME DUPLICATION 1467
at Harvard Libraries on January 6, 2009 mcb.asm.org early passages of primary Pin1 Ϫ/Ϫ MEFs (Fig. 3E) . However, ϳ90% rescued Pin1 Ϫ/Ϫ MEFs that were BrdU-positive duplicated their centrosomes (Fig. 4B) , which was indistinguishable from those in Pin1 ϩ/ϩ MEFs at early passages (Fig. 3E) . These results indicate that the defect in centrosome duplication in Pin1 Ϫ/Ϫ MEFs is specifically due to loss of Pin1 function. The fact that Pin1 Ϫ/Ϫ MEFs are able to undergo cell division suggests that centrosome duplication is delayed but not completely blocked. To directly examine this possibility, control Pin1 Ϫ/Ϫ and rescued Pin1 Ϫ/Ϫ MEFs were incubated with nocodazole for 16 h to synchronize cells at late G 2 and M phases and then released from the arrest; this was followed by collecting samples for every 2 h for flow cytometry to analyze cell cycle progression and immunostaining with anti-␥-tubulin to determine centrosome duplication. After the release, both control Pin1
Ϫ/Ϫ and rescued Pin1 Ϫ/Ϫ MEFs entered the cell cycle ( Fig. 4C and D) and S phase with similar kinetics (Fig.  4E ), indicating that these cells have similar cell cycle profiles. However, relative to rescued Pin1 Ϫ/Ϫ cells, centrosome duplication was significantly delayed for many hours in Pin1 Ϫ/Ϫ MEFs, although they were able to eventually duplicate their centrosomes when reaching G 2 phase (Fig. 4F) . Interestingly, the inhibition of CP110 has also been shown to delay but not completely block centrosome duplication in U2OS cells (10) . These results indicate that loss of Pin1 function drastically delays centrosome duplication without affecting DNA synthesis in mouse embryonic fibroblasts.
Overexpression of Pin1 drives centrosome duplication. The above results that inhibition or ablation of Pin1 suppresses centrosome duplication and that Pin1 overexpression correlates with centrosome amplification in human breast cancer suggest that Pin1 overexpression might drive centrosome du- Ϫ/Ϫ and rescued Pin1 Ϫ/Ϫ MEFs were incubated with 70 ng/ml nocodazole for 16 h to synchronize cells at late G 2 and M phases and then released from the arrest; this was followed by collecting samples for every 2 h for flow cytometry to analyze cell cycle progression (C to E) and by immunostaining with anti-␥-tubulin to determine centrosome duplication (F).
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Pin1 REGULATES CENTROSOME DUPLICATION 1469 and arresting them in G 1 /S phase by aphidicolin, followed by examining centrosome number as described previously (10, 23, 75) . The S arrest was confirmed by flow cytometry (data not shown), indicating that overexpression of Pin1 is not sufficient to overcome the S arrest. Surprisingly, however, more than 60% of GFP-Pin1 transfected cells contained more than two centrosomes ( Fig. 5A and B) . In contrast, such centrosome amplification was rarely observed in GFP-transfected cells ( Fig. 5A and B ). These results demonstrate that overexpression of GFP-Pin1 induces centrosome duplication and accumulation in S-arrested NIH 3T3 cells. It has been shown that Pin1 binds to and isomerizes specific pSer/Thr-Pro motifs via its WW domain and PPIase domain, respectively, and both of these activities are required for Pin1 to act on its phosphorylated substrates (42, 45, 47, 90) . Therefore, we examined whether the effects of Pin1 on centrosome duplication depend on its phosphorylation-specific binding and isomerase activities using a Pin1 point mutant in the WW domain (W34A) or in the PPIase domain (K63A), which cannot bind to or isomerize pSer/Thr-Pro motifs, respectively, as described previously (47, 90) . As expected, the K63A mutant localized to the centrosomes but the W34A mutant failed to localize to centrosomes (Fig. 5A) , confirming that the centrosome localization of Pin1 is mediated by its WW domain, as shown for other subcellular localization (45, 64) . More importantly, neither the WW domain nor the PPIase mutant could induce centrosome duplication in S-arrested NIH 3T3 cells (Fig. 4B) . These results indicate that both binding and isomerizing activities of Pin1 are required for its ability to induce centrosome duplication.
To rule out the possibility that the GFP tag affects the function of Pin1 in centrosome regulation, we utilized a plasmid encoding Pin1 fused to a C-terminal myc tag (Pin1-myc) and repeated the experiments. Pin1-myc again potently increased cells containing more than two centrosomes per cell in a dose-dependent fashion ( Fig. 5C and D) . To confirm that Pin1-myc overexpression causes centrosome amplification, we used electron microscopy to visualize centrioles, which are definitive evidence for centrosome amplification, in Pin1-myc overexpression (56) . Indeed, these cells contained more than four centrioles per cells. Figure 5E and F show electron microscopic images from one such cell containing at least six centrioles in a single section. These results together indicate that Pin1 overexpression drives multiple rounds of centrosome duplication in S-arrested NIH 3T3 cells.
Pin1-induced centrosome duplication causes abnormal spindle formation, aneuploidy, and cell transformation in NIH 3T3 cells. It has been shown that Pin1 is widely overexpressed in most human cancers and correlates with poor clinical outcome (3, 5, 67, 82) . Given that Pin1 is an important regulator of centrosome duplication and that its overexpression causes centrosome duplication and accumulation (often referred to as centrosome amplification) in S-arrested NIH 3T3 cells, an important question was whether Pin1-induced centrosome amplification has any pathological consequences. Centrosome abnormalities have been shown to cause aberrant spindle formation and chromosome segregation in mitotic phase (7, 18, 33, 56, 70) . We therefore first examined whether Pin1 overexpression affects spindle formation and chromosome segregation during mitosis. To address this question, NIH 3T3 cells were stably transfected with either control vector or Pin1-myc and then arrested in S phase by aphidicolin. Twenty-four hours after release from the arrest (about one cell cycle), both spindle formation and cytokinesis were analyzed during the initial mitotic phase (Fig. 6A) . Interestingly, most Pin1-expressing cells, but not vector control cells, contained more than two centrosomes (Fig. 6B) . Many of these cells with supernumerary centrosomes underwent bipolar divisions, with multiple numbers of centrosomes coalescing at the two broad spindle poles as reported previously (25) . However, ϳ20% of these Pin1-expressing cells containing supernumerary centrosomes displayed multipolar spindle formation and nucleation ( Fig. 6B and C). These cells subsequently underwent abnormal chromosome segregation and cytokinesis, with one cell being divided into three daughter cells (Fig. 6D ). These data indicate that Pin1-induced centrosome amplification leads to chromosome missegregation and abnormal cell division.
Since aneuploidy is a cellular consequence that is often associated with centrosome amplification and mitotic spindle defects (7, 18, 33, 56, 70) , we next examined whether the centrosome abnormalities rendered by Pin1 overexpression result in aneuploidy by continuously culturing the above cells and analyzing their chromosome numbers. As expected, the majority of vector-transfected NIH 3T3 cells contained 2N content DNA, with a smaller subset of cells having 4N content DNA, and similar results were obtained at early (P2) or later (P8) passages ( Fig. 6E and F) . Interestingly, in early passages (P2), cells expressing Pin1-myc had almost a regular number of chromosomes, with only small variations ( Fig. 6E and F) . However, following eight passages, the distribution of chromosome numbers was dramatically broadened to include many cells containing fewer than 40 chromosomes of less than 2N or more than 4N (Fig. 6E and F) . These findings indicate that Pin1 overexpression results in increased chromosome instability and aneuploidy.
Centrosome defects and resulting chromosome instability have been suggested to play an important role in oncogenesis (7, 18, 33, 56, 70) . Given that Pin1 overexpression results in increased genetic instability and aneuploidy in nontransformed NIH 3T3 cells, we next explored whether these Pin1-overexpressing cells have any transforming phenotypes by subjecting them to focus formation and soft agar colony formation assays. Cells expressing Pin1-myc exhibited a significantly higher number of foci in plastic plates than vector control cells (Fig. 6G) . Furthermore, Pin1-myc-expressing cells, but not vector control cells, were capable of forming colonies in soft agar (Fig. 6H ). These results demonstrate that Pin1-overexpressing NIH 3T3 cells display various cell transformation properties. Taken together, these results indicate that Pin1 overexpression induces centrosome amplification, chromosome instability, and cell transformation in NIH 3T3 cells.
Overexpression of Pin1 induces centrosome amplification in mouse mammary glands. Given that Pin1 overexpression induces centrosome amplification, chromosome instability, and cell transformation in vitro, a key question is whether it has a similar function in vivo. This question is also critical since nothing is known regarding whether Pin1 overexpression is sufficient to induce cancer development in vivo, even though Pin1 has been shown to overexpress in many human cancers and to be important for several oncogenic pathways. To address this question, we generated transgenic mice expressing human Pin1 cDNA under the transcriptional control of the MMTV long terminal repeat promoter/enhancer (Fig. 7A) , an approach widely used to access the tumorigenicity of individual oncogenes in breast cancer in vivo (30, 54, 73) . To distinguish exogenous Pin1 from endogenous protein, we tagged Pin1 with an HA tag that does not affect Pin1 function in vivo (67, 82) . Transgenic mice were first identified by PCR-based genotyping (Fig. 7A) and then confirmed by immunoblotting and immunostaining analyses using anti-HA and anti-Pin1 antibodies ( Fig. 7B and D) . Pin1 was overexpressed in many, but not all, mammary epithelial cells in both transgenic lines (Fig. 7B and  D) , as shown for many other MMTV-driven transgenes (9, 11, 31) . Two independent transgenic mouse lines, lines 17 and 23, overexpressed Pin1 at similar levels with similar distribution patterns in mammary epithelial cells (Fig. 7B and D) . They were further selected to generate homozygous females, which were bred to produce litters two to three times. The phenotypes below were observed in both MMTV-Pin1 transgenic mouse lines at similar frequencies.
To examine whether overexpression of Pin1 in transgenic mice affects centrosome duplication in mice, mammary tissue sections from 6-month-old MMTV-Pin1 transgenic and control mice were fixed and immunostained with antipericentrin antibody. Strikingly, the number of centrosomes in Pin1 transgenic mammary tissues was markedly increased compared to that for the controls (Fig. 7C) . About 20% of MECs in MMTV-Pin1 transgenic mice had more than two centrosomes per cell, but only ϳ2% of MECs had similar centrosome amplification in control mice (Fig. 7D) , indicating that centrosomes are amplified in MMTV-Pin1 transgenic mammary glands. However, no detectable increase in the centrosome number was detected in control mice. These results indicate that overexpression of Pin1 in mammary glands causes centrosome amplification.
To more accurately evaluate the frequency of MECs with centrosome amplification relative to aging in transgenic mice, we isolated primary MECs from mouse mammary glands without tumors in MMTV-Pin1 transgenic and control mice at different ages and then cultured them for a few days to a week as described previously (80); this was followed by immunostaining with antipericentrin antibodies. Under these primary culture conditions, ϳ10% of MECs derived from 5-month-old control mice contained more than two centrosomes per cell and this number did not significantly change with aging ( Fig.  7E and F) . In contrast, the percentage of primary MECs with centrosome amplification significantly increased with aging in MMTV-Pin1 transgenic mice. The frequency of MECs with centrosome amplification in Pin1 transgenic mice that were 4 months old was close to that for controls; however, this frequency was significantly increased to 30% by 6 months of age and then further increased slowly to ϳ45% by 18 to 24 months of age (Fig. 7E and F) . Taken together, these immunostaining results on tissue sections and primary cell cultures all indicate that overexpression of Pin1 causes centrosome amplification in mouse mammary glands and the effect appears to be more obvious with aging.
Overexpression of Pin1 induces mammary hyperplasia and malignant mammary tumors with overamplified centrosomes in transgenic mice. To examine whether Pin1 overexpression results in any pathological changes in mammary glands, we first performed whole mount analysis and histological examination of mammary glands for MMTV-Pin1 and control mice at various ages. MMTV-Pin1 mice showed progressive hyperplastic changes in an age-dependent manner. At an age of 6 months, when centrosome amplification was detected (Fig. 7) , there were no detectable histological changes in MMTV-Pin1 mice relative to controls (Fig. 8) . Mammary epithelial hyperplasia, detected as early as 10 months of age, was multilayered and often appeared to originate from ducts (Fig. 8) . By an age of 18 months, numerous hyperplastic lesions were observed in the majority of mammary glands in most of the transgenic mice that were examined. In contrast, such hyperplastic changes were rarely observed in control mice (Fig. 8) . These results indicate that Pin1 overexpression induces mammary hyperplasia.
In order to evaluate tumor incidence and age of onset, 54 MMTV-Pin1 and 46 control mice were maintained for aging. Although none of control mice developed mammary tumors, many MMTV-Pin1 mice developed one or several obvious mammary tumor masses, as first detected by palpation and subsequently confirmed by pathological examinations (Fig. 9) . These mammary tumors were detected at ages as early as 13 months, and their incidences increased with aging, followed by an apparent plateau at 22 to 24 months. Both the rate and incidence of total mammary gland tumors were highly significant between MMMTV-Pin1 transgenic and control animals (P Ͻ 0.0001) (Fig. 9G) . These results indicate that MMTVPin1 mice develop mammary gland tumors.
Histopathological examinations revealed that Pin1-transgenic mammary glands displayed various stages of breast cancer development, even in a single mammary gland, from hyperplasia, well-differentiated tumors, and poorly differentiated tumors to highly invasive tumors into nearby skeletal muscle and tissues (Fig. 9A to C) . These results indicate that tumors were likely developed at multiple foci, which is consistent with widespread centrosome abnormalities in MMTV-Pin1 transgenic mammary glands. To analyze centrosomes in these tumor cells, primary cell cultures were derived from MMTVPin1 transgenic mouse tumors and control normal mammary glands, followed by immunostaining with anti-␥-tubulin and anti-␣-tubulin antibodies. Centrosome amplification was strik-VOL. 26, 2006 Pin1 REGULATES CENTROSOME DUPLICATION 1473 ingly obvious in these tumor cells ( Fig. 9D and E) ; close to 80% of tumor cells contained more than two centrosomes per cell, whereas only 20% of MECs from 18-month-old control mice had more than two centrosomes per cell (Fig. 9F) . Moreover, as is the case in NIH 3T3 cells overexpressing Pin1 (Fig.  6C to D) , although many of these tumor cells with supernumerary centrosomes underwent bipolar divisions, cells displaying multipolar spindle formation and nucleation were readily detected, resulting in chromosome missegregation and aneuploidy (Fig. 9E) . Taken together, these results indicate that overexpression of Pin1 leads to centrosome amplification, chromosome instability, and oncogenesis both in cell cultures and in transgenic mice.
DISCUSSION
We here report a novel role for the phosphorylation-specific prolyl isomerase Pin1 in centrosome duplication during the cell cycle and in centrosome amplification and genomic instability in tumorigenesis. First, Pin1 overexpression correlates with centrosome amplification in human breast cancer tissues. Furthermore, Pin1 localizes to and copurifies with centrosomes in interphase cells but not in mitotic cells. Moreover, Pin1 ablation in mouse embryonic fibroblasts drastically delays centrosome duplication without affecting DNA synthesis, and Pin1 inhibition also suppresses centrosome amplification in S-arrested CHO cells. In contrast, overexpression of Pin1 in nontransformed NIH 3T3 cells induces multiple rounds of centrosome duplication under S-arrest conditions, causing the formation of multipolar mitotic spindles and the missegregation of chromosomes, which eventually leads to aneuploidy and cell transformation. The significance of these findings is further substantiated by demonstrations that transgenic overexpression of Pin1 in mouse mammary glands also potently induces centrosome amplification, eventually leading to mammary hyperplasia and malignant mammary tumors with overamplified centrosomes. These results have demonstrated for the first time that Pin1 plays an important role in regulating centrosome duplication and that Pin1 deregulation contributes to centrosome amplification, chromosome instability, and oncogenesis.
Protein phosphorylation by Pro-directed kinases such as Cdk2 has been shown to play a key role in regulating centrosome duplication in mammalian cells (14, 27, 56) . However, little is known about whether centrosome duplication is further regulated after phosphorylation. Recent studies indicate that Pin1-mediated phosphorylation-specific prolyl isomerization regulates the conformation and function of a subset of proteins at the postphosphorylation level (42, 45, 79) . Our current study has uncovered a novel role for Pin1 in regulating centrosome duplication and amplification based on the following observations. Pin1 localizes to and copurifies with centrosomes during interphase when they are duplicated, but not during mitosis when they are separated, even though proteins at centrosomes are heavily phosphorylated during mitosis (18, 56, 70) . This dynamic association might provide an explanation for why Pin1 is not identified in the recent proteomic identification of core centrosome proteins (1) . Functionally, Pin1 ablation in mouse embryonic fibroblasts drastically delays centrosome duplication without affecting DNA synthesis, indicating a requirement of endogenous Pin1 for the coordination between centrosome duplication and DNA synthesis. Furthermore, the inhibition of Pin1 function in CHO cells is able to suppress the ability of these cells to undergo multiple rounds of centrosome duplication under S-arrest conditions, suggesting a role for Pin1 in centrosome amplification. Indeed, overexpression of Pin1 in nontransformed NIH 3T3 cells potently drives multiple rounds of centrosome duplication under S-arrest conditions. Importantly, the ability of Pin1 to induce centrosome amplification is completely abolished by point mutations that disrupt the ability of Pin1 to bind to or isomerize pSer/Thr-Pro motifs. Moreover, transgenic overexpression of Pin1 in mouse mammary epithelial cells also potently induces centrosome amplification. Together with the previous findings that Pin1 is significantly elevated at the G 1 /S transition (66) and is also subjected to phosphorylation during the cell cycle (46), these results suggest that Pin1 function is normally needed for the coordination of centrosome duplication and DNA synthesis and its aberration can lead to centrosome amplification.
Our findings also suggest that Pin1-induced centrosome abnormalities may contribute to chromosome instability and oncogenesis and further support the idea of Pin1 as a new anticancer target (43) . Centrosome amplifications are often found in many human cancers such as breast, prostate, colon, and lung cancers, where Pin1 is often overexpressed (3, 5, 12, 26, 38-40, 59, 60, 62, 65, 67, 71, 82) . Like Pin1 overexpression (3), centrosome defects have been shown to correlate with poor clinical outcome (12, 61, 71) , suggesting a possible functional interaction between Pin1 overexpression and centrosome abnormalities. Indeed, we have found that Pin1 levels are significantly correlated with the degree of centrosome amplification in human breast cancer tissues. Furthermore, the overexpression of Pin1 in nontransformed NIH 3T3 cells induces centrosome amplification and chromosome missegregation, eventually leading to aneuploidy and oncogenic transformation. Moreover, transgenic overexpression of Pin1 in mouse mammary glands potently induces centrosome amplification, eventually leading to mammary hyperplasia and malignant mammary tumors with overamplified centrosomes. Given these marked effects of Pin1 overexpression on centrosome amplification in vitro and in vivo and given the well-documented centrosome defects in human cancers, it is likely that Pin1-induced centrosome amplification promotes and/or contributes to oncogenesis. These results also suggest that inhibition of Pin1 might offer an attractive new option for inhibiting centrosome amplification and chromosome instability in cancer cells.
How Pin1 regulates centrosome duplication and how its deregulation leads to centrosome amplification remain to be defined. Pin1 has been shown to increase cyclin D1 protein stability and its transcription in collaboration with Ras/JNK, Wnt/␤-catenin and NF-B pathways (41, 65, 67, 82) . Since cyclin D1 plays an essential role in breast cancer development (15, 37, 72, 77, 86) and can increase centrosome duplication in vitro (55) , it is possible that Pin1 might regulate centrosome duplication and breast cancer through cyclin D1 and its upstream regulators. In addition, our preliminary results showed that Pin1 binds to several important proteins that are located at centrosomes and phosphorylated Cdk2 substrates and that inhibition of Cdk2 function can suppress the ability of Pin1 to induce centrosome amplification (data not shown), suggesting that Pin1 might also regulate centrosome duplication via Cdk2 substrates on centrosomes. Notably, it has been shown that the Pin1 gene is an Rb/E2F downstream target gene (66) and that G 1 Cdks and their downstream Rb/E2F pathway play an important role in centrosome duplication during S phase (20, 21, 32, 36, 49, 52) . Therefore, it is possible that during the G 1 /S transition in normal cells, growth signals activate Cdk kinases which turn on the Rb/E2F pathway, thereby increasing Pin1 expression. This increase in Pin1 levels may in turn promote centrosome duplication by controlling the function of the proteins at centrosomes or their upstream regulators that have been phosphorylated by Cdks in a positive feedback mechanism. However, deregulation of this mechanism due to the constitutively active Rb/E2F pathway and Pin1 overexpression might contribute to centrosome amplification in cancer cells. Therefore, it would be interesting to identify all Pin1-binding proteins at the G 1 /S transition in normal and cancer cells and then to elucidate their function in centrosome duplication and amplification.
In summary, we have shown that Pin1 plays a critical role in regulating centrosome duplication during the cell cycle and its overexpression causes centrosome amplification and chromosome missegregation, which leads to chromosome instability and oncogenesis in vitro and in vivo. These results provide the first evidence for novel postphosphorylation regulation of centrosome duplication during the cell cycle and its significance in centrosome abnormalities and oncogenesis. These results also suggest that Pin1 may be a new anticancer target for inhibiting centrosome defects and chromosome instability, which are common events in cancer cells.
